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Tne o i l  sha le  used i n  t h i s  study i s  a sedimentary rock containing various -. 

Associated Qi%th t h e  kerogen are la rge  qx3nt i t ies  
aqounts of organic mater ia l  (comonly ca l led  kerogen), which vias derived fron de- 
ccmgosition of aquat ic  organisms. 
cf c a l c i t e  and dolcni te ,  wi th  smaller mounts o f  c l a y  minerals, quartz,  pyr i te ,  e tc .  
The !terogen i s  a light-brown mixture of s o l i @  having no appearance of o i l  and is 
o n l y  p a r t l y  soluble  i n  orga2ic solvents a t  room te iqera ture .  A t  present ,  it has not 
been possible  tc separa te  the organic and inorganic  phases completely, consequently, 
most  kerogen c o n s t i t u t i o n a l  s tud ies  have been conducted on degradation prouucts. 

Cne netnod of degradation cons is t s  of heat ing kerogen at various tenperatures  
?hen r e t o r t e d  a t  about 500" C. (932" F.), keroken c m  tc obtain soluble prOdmtS. 

be converted to crude shale  o i l ,  gases and carbon residue. 
p r c e r i t  of t'ne, kerogen is  cracked t o  gases and carbon residue by re tor t ing ,  this 
li?eti?.od of de,oradation is not  s u i t a b l e  f o r  c o n s t i t u t i o n  s tudies .  
converted t o  s o l u b l e  prodilcts a t  temperatures from 200" t o  350" C.  (392" t o  662" F.), 
hu;;ever, a t  a nuch sloiTer r a t e .  Kxtensive cracking of kerogen does not  occur a t  
these teqserat;v.res; consequently, the so lcb le  products obtained by t h i s  thermal 
degradation should contain many of the s t ruc tures  present - in  the o r i g i n a l  kerogen. 

Saxples of rw o i l  shale were extracted with t e t r a l i n  a t  25' t o  350" C. f o r  
21: t o  L!h hours. 
Froduction of no o r  very l i t t l e  pyro ly t ic  gases a t  300" C., and only about 6% of 
t i e  kerogen vras degrad3d t o  gases a t ;50" C ,  
t i o n  of  carbon residue a t  any temperature. The crude e x t r a c t s  were f rac t iona ted  
i n t o  oils, v;ajces, r e s i n s  , and pentane-insoluble mater ia l  and ch i rac te r ized  by 
u l t i i i a te  analyses, r i n g  analyses,  x-ray d i f f r a c t i o n ,  mass and i n f r a r e d  spectra ,  and 
chepAcal treatment.  

As approxinately 35 

Kerogen can a b o  be 

As a r e s u l t ,  kerogen imi degraded t o  a soluble  mater ia l ,  viith 

There was no evidence of the foma- 

This studjr  sho?i?ed t h a t  the  composition of the e x t r a c t s  depended-qon t h e  t i n e  
and t e q e r a t u r e  of ex t rac t ion .  
mater ia l  i m r e a s e d  with increase I n  tenperature  of e x t r a c t i o n  ,. v h i l e  t h e  percentage 
of res ins  decreased wi th  increase i n  temperature o v e r t  he range s tudied.  The per- 
centaze of oil remained near ly  the sane, while t h e  wax content 'inc'reased s l i g h t l y  
a t  t he  ,kigher tenperatures .  
i s  composed predominantly of sa tura ted  heterocycl ic  s t r u c t u r e s  and smaller amounts 
of s t ra ight-chain paraff ins ,  cyc l ic  p a r u f i n s ,  2nd a r o a a t i c  s t ruc tures .  mese 
conclusions agree rrith and supplement those reported e a r l i e r  (6,7) from oxidation 
s tudies .  

A t  constant .time of ex t rac t ion ,  t h e  pentane-insoluble 

I 

The composition of the  e x t r a c t s  ind ica ted  t h a t  kerogen 

In fomat ion  c0ncerrA.g the  cons t i tu t ion  of t h e  kerogen p r e s e c f i n  o i l  shale,  
th9 processes Ss. which it i s  degrad.ed t o  usefu l  products,  and t h e  composition of its 
degradation products i s  needed f o r  developing ne:r and more economical methods o f  
processicg this n a t u r a l  resource. 
t i o n  coccerning the nature  of kerogen and tine lon-temperature pyrolj-tic products 
obtained f ron  it. 

It  vi^^ the purpose o f  this study t o  obtain informa- 

I 
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T:[aterials. .Qnina XF'21 grade, 60-299 nesh (.&xxk?a W q a q  or' -izerica), 
preheated a t  700" C. (1292" F.) f o r  b i o  hours before use. 

S i l i c a  ge l ,  ana ly t i ca l  grade, 2 e200 mesh (Emidson).  

Tetrakin,  C1$12, B. p.  (205'" - 208" e.), LIatheson, C o k . ~ ,  %xi ? e l l ,  coz- 
t a ined  0.94,< residue a f t e r  stea7. - d i s t i l l a t i o n .  
in absence of air, the pur i f i ed  te t rd l ! !  c o n t a i ~ d  an adn%.tio~21 0.05$ resi.2cs &ter  
stem d i s t i l l a t i o n .  

Jhen heated t o  350" ' C .  f o r  hcurs 

, @paratus. Reaction vessel, 2C00-mi. p r e s s m e  a.pparatcs (pa-r T;?strme>t . 
S e r i e s  500) ecpipped Ti5.th s t i r r i n g  mechanisn t o  stir contents o ? ~ ' m t e  ' 

: . .  . >  
of each 30 nxinutes o f  ex t rac t icn .  

. .  
Chomatograp:?ic columns, glass cc lums  having th ree  sectiolls  ( h i e r  s ec t ioz  

1.0 cm. x 85 cz., middle sec t ion  1.5 CE. x U m., and b ~ .  secfior, 3.5 cm. x 22 cn.), 
water-jacketed, and f i t t ed  viith adapter so 10 50 15 p.3.i.g. nitrogo-? prPss*ue  c o d a  
be applied t o  the column. 

O i l s h a l e  Sample. The o i l  sha le  -iras obtainscl from the Ghcgmy  zcne of L&-e 
Green 3 i v s r  formation a t  the ,meau o f  Eries & p e r i x e r h l  N k e  nizr -X.fle, C310.. 
The sanple contaiyed approxidmately 355 organic m t e r i a l  (28.52 o r g a i :  ca-bcn) 2nd 
assayed 66 gal lons  of oil p e r  ton  of s h l e  by t h e  rrodified-?ischer-xtcrt  fe thod (E). 
For use i n  this study the o i l  s b l e  was crushed and screened t o  psss a sie.ie or' 109 
neshes per inch.. 

Preparation of B t r a c t s .  Successive batches of 35'0 grezs or' oil s k 1 e  -;ere 
placed i n  the reac t ion  vesse l  w i th  810 ml. o f  t e t r a l i n  (2.3 i d .  t e t r d . i ?  ~ e r  g r a  of 
s'hale), 2nd each k t c h  'nas ex t r ac t ed  46 hours at 25' t o  350" C. 
ay t rac t ions  viere made using t e t r a l i n  as so lvent  f o r  ha t o  
24, 48, 96, and lL4 hours a t  350" C.) 
vias opened and the  contects removed. The sha le  residue -:;as centrifuged fmz tiii 
ex t r ac t  and solvent, then  ex t rac ted  xLth benzene xki.1 f r e e  or" t e t r d . i n  a.6 a o l c 3 e  
mater ia l .  %le siwle residue vas air-dried and re ta ined  f o r  m a l p i s .  ,%e t e t r a l i n  
and jenzene e x t r a c t s  were conbined and -then s t e a ? - & s t i l l e d  to r s o v e  tze scbrents. 
Af te r  removal of the t e t r a l i i i ,  t h e  ex t r ac t  was recovered fro= the ?;;ater -,has? b~ 
so lu t ion  i n  benzene. !.Lost of t h e  ?rater w a s  removed fror- the  benzene s o l ~ t L c n  or' 62s 
s o h b l e  e x t r a c t  'oy means of a separz tory  flimxi and the las t  t r ace  by azeotrcFic <is- 
t i l l a t i o n .  Benzene vas m o v e d  from t h e  e x t r a c t  .by atnospheric d i s t i l l a t i o n  and fke 
f i n a l  t r a c e s  by m6ng a t  80' C. under reduced pressure. 
under tnese conditions.) S y  t r e z t i n g  seve ra l  batches o f  o i l  shale a t  dill'erent 
teapera tures  i n  the  presence of t e t r a l i n  for  48 hcurs, the  f o l l m i c g  t o t a l  a o u n t s  of 
ex t r ac t s  mre obtained: 77 granls of ex t r ac t  at, 25" C., 13 gram a t  200" c., l.55 g z z s  
at 259" C., 165 grams a t  300" C., w.d 106 grams a t  350" C. 

par i son  of tkhe kerogen-to-ash r a t i o s  obtained before and a f t e r  the  o i l  shale :::as 

( 5 : o  s e r i e s  cl 
hcws  a% 2co" C. 

.After cooling to moil +,eper2ture,  the -;esse1 

. .  

(?11 ex t r ac t s  w r e  j r i e i  

\ 

The percentage of kerogen ex t r ac t ed  f ron  the  rai7 shale -,?as deteE2ned from ccc- 

. ext rac ted .  Foollo-zing i s  an expression o i  t i s  re la t ionship :  

Kerogen a f t e r  ex t rac t ion ,  5 + Kerogen before e.i;'raction, 
Ash a f t e r  ex t rac t ion ,  $ Ash before e-utraction, $ 

The percentage of kerogen m s  aeternined fron an ash and mineral CO analyses and equaled 100 minus the  SLQ of the ash  and n i n c r z l  CC2. T h i s  iiistnod CI 2 coxput ing 

t he  percentage of kerogen deco.wosed 178.3 based upon the  assm?tion t h a t  the  Ilimral 
po r t ion  o f  t ne  raw oil shale vas w a l t e r e d  by t he  t h e n a l  so lu t ion  t rea tnent .  
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The extractioi-s :;'ere %?.de a t  t h e  pressure  generated by t h e  solvent p lus  p p o -  
l;/tic gases t ha t  forxed a t  tine teii:perature of exbraction. 
93 p.s.i.g. a t  250" C.  t o  700 p.s.5.g. a t  350" C., z h i l e  co ld  pressures  rmged from 
LO p.s.i.g. f o r  the 250" C. es5rac t ion  t o  200 p.s.i.g. f o r  the  350' C. ex t r ac t ion  
(pyro ly t ic  gases). 

purpose of these  f r ac t iona t ions  -ias t o  ob ta in  mater ia l s  of sinrilar p rope r t i e s  f o r  
iurt icer analyses and study. 
zethc6 of f r ac t iona t ion  emplo3-d ';?as not e:zpected t o  s e p a ' e t e  ind i3 idua l  components. 

Hot pressures  ranged from 

?he dr ied  ex t r zc t s  were f r ac t iona ted  by a procedure ou t l ined  i n  figure 1. The 

%cause of t h e  c o q l e x  na ture  of  t he  material ,  the 

Fractior?ation of m r a c t s  In to  00 
,.c.teriai. Ten-grm 'oatcnos or' the crude e x t r a c t s  ve re  diesol7ed. i n  2. @ : 1 v o l m  

per?t~~e-F;isolv.ble mterial was xashed v i t h  a smal+-zqmntit;y of co ld  Fentane (0" C.) 
&-id then dr ied ,  xeighec,  and d e s i p a t e d  as pentane-insoluble mater22.1. The solu5le 

ps?.tine-soluble z a t e r i a l  v:ere placed on a prevretted c o l m  o f  alumina (25 : 1 weight 
??.ti0 of a lmina  to s m p l e )  and e lu t ed  :.rith pentane folloived by benzenenethanol 
rxixtures and acetone. 
of pentane, drled,  and weighed. The ma te r i a l  remaining.cn t h e  c o l m n  vas  removed 
Sy cenzene-r?.etha?ol &xtures znd acetone. 
s tz ipped  f r e e  of  solvent,  dried,  and weighed. Five-gram ba tches  of t he  o i l  2qd wax 
f r ac t ion  riere ciissolved i n  a 40 : 1 volume r a t i o  of methyl e t h y l  ketone (FiEK) to 
e x t r a c t  a?:! dla:;ed to s t aqd  at  -5" C. f o r  1 hour. 

t . i l l a t l o n  and tiie l a t te r  was dried and weighed. 

Fraction2tion of '%.xes. 

~ r- -- 
r..i. = L ~ O  or' pentane and a l loved  ~ A J  s tand  overnight a t  0" C. 2nd then f i l t e r e d .  

---. :..=Lerial ;ias s t r ipped  f r e e  of pentzqe, &Fed, and xeighed. Pive-grm batches of the 

The 

The pentane-ehted material ( o i l  p lus  xax) was s t r ipped  f r e e  

This m t e r i a l ,  r e f e r r e d .  t o  a s  res ins ,  :as 

Tie w a x  was f i l t e r e d  fmn the 
-solu.de material, dried,  and meighed. 'The m s  renoved from the  o i l  by dis- 

Urea adducts 'ire-- prepared by r eac t ing  each g r m  of wax 
:ci.th 2 1  31. of a s a tu ra t ed  so la t ion  of p e a  i n  met'mol. 
1.5 grams per graa  cf 7::u: p lus  6 o r  7 drops o f  Senzene was added. 
s ' i i r rcd a t  rcom t e q x r a t w s  f o r  t o  24 hours. The adduct and non-ad&uct Tiaxes 
m r e  separated by f i l t r a t i o n ;  the  f inal  t r a c e s  of non-adduct ma te r i a l  ?rere rerooved 
by -;ashing x i t h  100 01. each or" pentme and isooctane. me adduct. was then decom- 
posed v i t h  hot aater  w d ,  a f te r  cooling, m t r a c t e d  from the p?ater phase by e ther .  -'- 

The a d i ~ c t  -;iz< ~:as  f r e e d  from e ther ,  dried,  and aeigherl. The pentane-isooctane- ' 

msthailol so lu t ion  o l  the non-adduct vias f r eed  from urea  by Tiasking with yiater. The 
zcn-arlduct '.'EX vas f r e e d  of solvent by d i s t i l l a t i o n ,  dried,  ?.nd weighed. 

Excess urea  amounting t o  
mis r&ture cas 

?rzc t iona t ion  of oils. The o i l  -:.as f r ac t iona ted  by a method similar t o  t h a t  
z a y r t e d  by Llair e t  a l .  (3).  Four-gran batches of Ah o i l  f r a c t i o n  vere placed on 
2 prexe t ted  c o l u m  o f  s i l i c a  g e l  (25 : 1 Ti-eight r a t i o  o f  s i l i c a  g e l  t o  sample) and 
e l u t e 2  success ive ly  v i t h  isooctane, benzene, and 2-propanol. The three  f r ac t ions  
?;ere f r e e i  o f  solvent,  d r ied ,  and vieighed. The isooctane-eiuted material vras ca l l ed  
pa ra f f in  o i l ,  the benzene-eluted n a t e r i a l  was cd. l e d  aromatic oil, and the  2-pro- 
pafiol-eluted xake r i a l  vas ca l l ed  po la r  o i l .  The p a r a f f i n  o i l  vras furth.er f rac t ion-  
at.ed i n t o  paraf f in-o i l  adduct and pa ra f f in -o i l  non-adauct by t.he technique used f o r  
i-raaxes. 
co lum of a l m i n a  (25 : 1 :[eight r a t i o  of alumina to s-le) by using iso-octenes, 
benzene, and 2-propanol as e lu t ing  solvents.  Tie so lvent  was removed from each of 
the  f rac t ions ,  and the  o i l  was dr i ed  and neighed. 

The u l t imate  composition of t h e  cmde e x t r a c t s  and the 
variers-fractions gas  deternined b y  conventional methods of aqalysis: Carbon and 
!?y&-ogen 'irere de te rn ine2  by a conkustion t r a i n ,  n i t rogen  by Ii jeldahl digestion, 
sulrfur by i g n i t i o n  i n  a Pa r r  oxJXen bomb, and oxygen by d i f fe rence .  e n s i t i e s  rrere 

t i v e  )d.iccs ':?ere determined using the sodium D l i r e  ( 5 & 9  a) a d  t h e  mercury g l i n e  
(k36 4.1 arid 'Liere used t o  ca l .mla te  spec i f i c  dispersion f o r  t h e  aromatic f r ac t ions .  
:.:olecu a r  ve lghts  were determined by t he  r i se - in- 'wi l ing-poht  met'iod using benzene 

Ad&t.icnal -fractionation of t h e  aromatic o i l  was obtainec! on a prevretted 

T'nysical Proper t ies .  

deter,Tined using pycnometers a t  20" or a t  LC!O C. and convegticg ta d 9 8. Refrac- 

.~ 
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as the  solvent.  Infrared, u l t r a v i o l e t ,  a?d mass spec t ra ,  as ,;Jell a s  x-ray dif5rac- 
t ion ,  were used t o  charac te r ize  t h e  various f r ac t io r s .  

Chenical Proae,-ties. "he f r a c t i o n s  were oxidize:! 57 a metnod described by 
2obinson e t  al. (7)  mith an excess of a lka l ine  potassium pe-ma?ganaze a t  t k e  b o i l h g  
temperature of t he  so lu t ion  f o r  100 hours. Concentrazed hydriodic ac id  (70$) -;;as 
used to reduce the  =sin and pentane-insclcbls f r a c t i c n s  j-, a zethod described by 
Raudsepp ( 5 )  , i n  which the  f r e c t i o ~  plus 31 m s  sea led  i n  a g lass  tu= a a i  heated 2!i 
ho1-s a t  200" C.. Basic nitzogen xas detenr-ined f o r  t h e  r e s i n  and pentae- i?so luble  
f r ac t ions  by a nethod described by k a l  e t  a l .  (l), b ;7hic:l t o t a l  basic n i t rosen  
was determined by t i t r a t i o n  -{iith perchlor ic  ac id ,  ?leutral  ni'crogen c o i i ~ o ~ ? d s  xere  
d e t e - 4 n e d  as the  difference between tihe basic nitrogen and t:?e to ta l  nitrogen. 

Z ~ 3 ~ ~ ~ T A L  RESULTS AID DISCUSSIOX 

LPate of Product Formation. The emount of corxersior! of kerogen Cc &xd.a t icn  
products by t'hemsl soh i t ion  in t e t r a l b  )?as 6epezdefit upon t . ? ~  t m p e r a t w e  a,? t k a  
cf extraction. For ccns tan t  per iods  of e-xtraction of he bows, the  ccnversion of 
kerogen t o  degradatior. products ranged f ron  h& n t  25" C. t o  ah.?% a t  355' 3. 
( t ab le  1). 
of ex t rac t ion ,  the y i e ld  of  p rcducts  rsxged f r cn  8.e: f o r  !iB bcnrs t o  9.35 f o r  a h  
hoLrs of ex t rac t ion .  A congarable s e r i e s  or' ex+zactions ~t a constant te-:?erature 
of 350' C. shovied an increase  i n  ?ro&ct y i e ld  of 75.& f c r  2b hours of ex t rac t ion  
t o  94.5% f o r  a hours o f  ex t r ac t ion .  This shoved that mst o f  ?ne pro&i;;-t -;.-as ob- 
t a ined  during t h e  first p a r t  of the  extraction, 8s &@ of the  total ( f o r  hh k . c z s )  
vas obtained a f t e r  2L hsurs. ;In add i t iona l  lC$ nas fom.ed i z  a sx5seqw.n.5 2k-?.cvr 
pef iod  x i t h  t h e  f i n a l  10% r equ i r ing  96 more hews of e r t r a c t i o r .  
t h s t  at. loxer  tenperatures, xkere low :<el& o f  product -:iere o3taineS, i t  xzlC: 're 
i q o s s i b l e  i n  f i n i t e  time t o  o j t a i n  lo05 ccnversicn o f  kerogen t o  s322.5le Tro6zct.s. 
Landau and bbury  ( 2 )  shoved tiiat a s t ra i&t- l iEe  re1atiors:hip existe.', 'czkeeil t i xe  
of ex t r ac t ion  and. time of e x t r a c t k n  di-,ided by pecceEt.aze y i e l d  c? extra:: ~ 2 . 5  t.ha-t 
t h e  s lope  of the line showed the  Illtimate y i e l d  of ex t r ac t  ?,-hick could be abtai2ed 
f rm coal. 
o i l  sha l e  in this stuciy -xas 9.65 a t  200" C. an& IS@; at, 350" 3. 

37 m a i n t a i n i q  the  temperature constant a t  2C0" C. scd v a q i q  t h e  tirc 

Ti-& s . x ~ e s - 1 ~  -- 

Tne ca lcu la ted  ult+?at,e y i e l d  P o n  a sTXlar ?lot of data &tair& frox 

T.0I.Z 1. - Tetralin extractior,  o f  kerogen f r o g  raE shale 
- -  

Time of Tenperature 
ex t rac t ion ,  of ex t rac t ion ,  Kerogen 

hours "C. extracted,  ,% 

lr8 25 L.1; 
L8 200 8.6 

lll4 2co ? .? 
lr8 250 10.2 
lr8 300 28.7 
24 350 75.8 
lr8 350 8h.9 
96 350 57.9 u 350 9b.5 

The inf luence  of t enpera ture  on the convexion of k e r c g e n t o  s o l u b b  z t e r i a l  
i s  shonm i n  f igu re  2. A gradual increase  in y i e l d  of product pe r  degree r i s e  i n  
temperature was obtained from 2 5 O  t o  250" C., x?iile from 300" to 350" C .  a rap id  
increase  i n  j i e l d  per degree r i s o  i n  temperature was obtained. The b e &  in t he  
curve suggested. that a c b n g e  in t h e  themal so lu t ion  process took place a t  approx- 
imately 275" C. 
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Thcn?scr. and ??:en ( 9 )  1-eported a sixilar reiationshi,? a t  300" C. and sug- 
:estea -;kat t h e  reac t ion  k i a n g  p lace  belmi 3000 C. 'was t i e  desoqjti-on of macro- 
r?.ol~cul.c?s of 'rcercger. i n  .;ihich bond energies coEparable t o  van de r  i'iaals fo rces  
re're r1p"u;Jred. .Shore 329' C. o ther  secondary bonds were broken. S i n i l a r  reason- 
i n g  r;oilid inciicate t h a t  the coxposit ioc of the proaucts obtained belou 300' C. 

cf .ihe cmde e x t r a c i s  c'ut2ir.ed zit t h e  two t e q e r a t u r e  r2.2ges probably aculd he 
&iife?ezt. 

q!.'ou-ld L .. a n - -  L-er f r o n  those ol-t?Aned above 300" C. i i kex i se ,  tifie n o l e c d a r  Ee ights  

Fat2 presented l a t e r  i n  t M s  p q e r  only p a r t l y  confirm these f ind ings .  

F:,-rol:iclc Geses.  proximately 60s o f  the p,wolytic gas was hydrogen, sone -__I.--_--- 

cf :-rhich ::!ay have r e su l t ed  from the dehydrogenation of the t e t r a l i n  i x e d - a s  solvent. 
>&t 350" C .  approxirateljr  285 o,f the c q g e n  and 1?$ of the sK~fur  present  i n  kerogen 
r:as remvc?d as puvrolj%ic gases ( t a b l e  3 )  c o q a r e d  t o  about 3% of t h e  total carbon. 
7'iij.s suggested t h a t  a t  t h i s  temperature oxygenated g o u p s  such as carboxyl o r  o thers  
h:we do&Taded t o  C02 and Co, . i i i l i l e  sulfnr ~TOLIFS such 2 s  s u l f i d e s  o r  o thers  were 
degrzdcd t o  E$. 2;~ cont ras t ,  only 2. s n a l l  por t ion  of the kerogen was depaded  t o  



gases a t  25' t o  3CO" C.  2ased on the t c t a l  kwogen, approxinately 65 of  <?e kercgen 
??as deegraded t o  gases a t  350" C., 0.2$ a t  ?Oo" C., 2nd 0.9; a t  250° C. 
tha t ,  very l i t t l e  of the keroger, ?ras cracked t o  i'inal degradation products 2% j.30" C. 
and below, only a sinal1 23cunt of kerogen being co i l~e r t ed  to  ges e t  3s22' C. :Jso, 
there  ;pas no evidence of the fonnation of carbon residue a t  any t e q e r a t w s .  Jon- 
sequently, e x t r a c t s  prepa,-ed a t  these t e n p e r a t n e s  shculd contain nzqr of the st--isc- 
t i n e s  present  i n  the o r i g i n a l  kerogen. 

?:?is shoxs 

3. - Gases produced by degradation of oile k i l c g a  oi' kerogen 

Ces produced, noles  
ikgedac ion  tezperature ,  a,:. 

25 0 3CO 39 0 

Vet hane 
Ethane 
Propaqe 
n-butane plus i s o h t a n e  
n-Pentane plus isopentane 
Carbon dioxide 
Carbon monoxide 
Fa-drogen 
Xydrogen s u l t i d e  
Nitrogen 

Tota l  gas produced 

0 -003 0.095 .0.57? - - 0 353 
0.004 0.008 0 .*773 - - 0.020 - - 0.a7 
0.007 0 -913 0.537 
0.311 0.221 0 .a3 
0 .Ob0 o.oai 2.677 - - 3.365 - - 0.203 

0.065 0.123 h &6 

Product I)istribution. The percentage of pentme-inscluble na-terlsl ;zeser,t 3 
t h e  e x t r a c t s  i n c r e a s e d x i t h  i n c ~ a s o  i n  t e i i e r e t w e  of extractior? a t  253" tc. 350" C. 
( f i g .  5 ) ,  r ~ h i l s  the ;:T~;E content of  the ex t rac ts  incrsased at 330" acd 350' C., 
where t i n e  of extract ion was constant  a t  be kours. 
creased contizuously with increase  in  temperature over the temper&k,i.re rar.ge. 
content increased a t  200" C. a d  decreased slight&- a t  3 9 "  C. 
composition of the e x t r a c t s  was dependent u?on t h e  texqeret,L-e of e.rtracflon. 
mate compositions aqd molecular weights o f  these f r a c t i o n s  a re  shkm in t a j l e  k. 

I n  the s e r i e s  o f  t e s t s  st 350" C., wners m e  of ex t rac t ion  -*izS varied frcn 

On the o ther  hand, r e s i n s  increased f r c a  16 t o  295, o i l s  

3y ccnt.=ast, resin contsnts ds- 
Ci!. 

TMs shemd <?At +-e 
V l Z -  

24 t o  a b  hours, pentane-insoluble material decreased f r o a  43 to '21;; -xi%h iqcreasa 
in t i n e  of extract ion.  
from 27 to 37%, andwax from 7 t o  13%. This shorred t h a t  aFroxinatel; .  h a l f  o f  tie 
pentane-insoluble mater ia l  was degraded i n t o  o i l ,  - x u ,  and resins a t  :SO" C. ai'ter 
l& hours of extract ion.  

Const i tut ion of 7iaxes. The const4tut ion of tine w.x f rac t ions  produced 2 t  tke  
temperatures s tudied showed E x i t e d  var ia t ion .  
d o F h a n t l y  s t r a i g h t  c h i n  s t r u c t u r e s )  obtained f icm the 17ax tended t o  decrease ~ i i t h  
increase  i n  temperature of e x t r a c t i o n  a s  %ne 25" C. v rax  p o d w e d  725 wax adduct 
compared t o  51% f o r  the  350" C. wax (see tab le  5 ) .  
predoninantlp naphthenic. Mass spectra  shoried tha t  the straight-c!iaii  portion of 
"he y47a.xes tended to decrease i n  carbon chain length a s  the te,?rperature of extrac- 
t i o n  increase,  f o r  example: The average chain length was 30 f o r  the 25" C. viax 
adduct, 28 f o r  250'. C. wax adduct, and 25 f o r  350" C. v r a . ~  adduct. X-ray diffrac- 

. t i o n  showed t h a t  the non-adduct wax f rac t ions  had an average chain length l e s s  
than 16 carbon atoms. 
methyl groups per nolecule,  which i?dicz%ed. l i t t l e  o r  no brancbAng. 
pcr t ion  of the Wax contnined 1 t o  6 r ings i r i th  3 t o  b r i n g s  pre&*-ating. 

The percentege of adduct (?=e- 

Also, the non-add~ct  ;;.ax vas 

The piax adduct f rac t ions  contained an average of 2.9 to 2.b 
m e  cycl ic  

Trs 
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average molecular xe ignt  oi" t he  crude-xaz f r a c t i o n  (befor? f r ac t iona t ion  bj the 
formation of %-ea adriucts) rarged from 355 t c  LSO.and tended t o  decrease vriYn in- 
c rease  i n  telqerature of ex t r ac t ion  from 25" t o  350" C. 
t n e  unfractionated nax shmed ni?or va r i a t ions  2nd averaged 84.3% carbon, 13.85 
hydrogen, 1.0% oxygen (by difference), 0.2% nitrogen, and 0.25 sulfur. 

Zltixate c o q o s i t i o n  of 

T A 3 X  5 .  - Carbon d i s t r ib i l t i on  of mx f r ac t ions  

Percentage of Tcrtperature of Carbon-tFe cozposit ion 
ex t rac t ion ,  "C. % cy ! %  t o t a l  7ax 

, iaz (adduct ) i /  
25 9 9 1  71.5 

250 12 ae 5; .5 
350 12 ga 5c .5 

&x (non-aci&ct)A/ 
25 78 22 23 .k 

250 66 34 hb .ir 
35'0 78 22 lis -5 

- 1/ Detemiiied frorn mass spec t ra .  

Cons t i tu t ion  of C i l s .  

I n  general, the  percentage of pmsaffin o i l  non-adduct decreased *zith iz- 

The composition of ths. o i l  f r ac t ions  tended t o  jeccr-.. 
more a o n a t i c  and l e s s  p a r a f f i r i c  with , increase  i n  tecperature of ex t rac t ion  (see 
f i g .  6 ) .  
crease  in te rpera ture  of ex t rac t ion ,  t i e  a roaa t ic  axi polzr  o i l  f rac+ions  i x r i e s e d  
wi th  increase  i n  'teqerature, while the  p a r a f f i n  o i l  adduct remaiced nearly t-15 
same. 
pa ra f f in  o i l  non-adduct f r a c t i o n  by the n-d-!: mettod (lo) and f o r  ths ~ m ~ ? a t i c  o i l  
by the Xar t in  method (h )  . 
straight-chain and cyc l ic  paraff+s present  i n  the para f f in  o i l  adcuct.  
o f  these analyses are shorn i n  t a b l e  6 .  Eased on these  da ta  a?pro::b?ately 33;; OZ 
the 25" C. o i l  consisted of s t r a i g h t - c h i n  pa ra i f in s ,  ha,"; cycl ic  pamr*fins, 155 
aromatics, an6  35 polar o i l .  Tie 350" C. o i l  .--I . c r s  more z r o r z t i c  3s it contains? 
E$ st ra ight -cha in  paraffins, 265 cj-clic paraf f ins ,  365 a r o z t i c s ,  and 2@5 2dm 
o i l .  

U t i l i z ing  physical p rope r ty  &ta,  r i n g  analyses z e r e  detemined l o r  the 

8k.s~ spec t r a  Tere used t o  detep&.e tine a.m-;nt of 
T>-e r e s c i t s  

6. - FLng analysis and molecular ;:-eight of o i l  f r ac t ions  

Carbon- Terneratine of 

250 
300 

0 
1 

75 
58 

25 
h l  

hl5 
3L5 

~ I -  

35 0 3 h7 . , 50 370 

35 45 25 30 3 a  

350 8 1  12  7 355 

Aromatic o i l  (0-2-1)Ll 

25 0 46 37 1 7  . 290 

1 Dete-ed from mass spectra.  
Tf Deterniiied by n-d-5: nethod. I/ 3eternAied by !.:artin method. 

! 
I 

i 
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The percentaage.oi' a r o n a t i c  compoxnds i? t h e  350" C. oil nay be too  high because 
of extraneocs r2aterials t h z t  mere obtained from the t e t r a l i n  used a s  solvent.  , Based 
upon the  anoLmt of ex t rac t  produced and the amount of t e t r a l i n  res idue  obtained a t  
350" C., ap?ro:&!ately 0.7s or' the t o t a l  e x t r a c t  may have been 6er ived fron t h e  
t e t r a l i n .  
haTre cor;.e f rm t%s So'nce. 
assmed am0w.t of 55 (based on t o t a l  o i l )  of aromatic o i l  mhich my have 'been derived 
f r o 2  Kie solvent.  
s t ra ight-chain paraf f ins  , 275 cycl ic  paraff ins ,  33% a r o m t i c s ,  and 21% polar  o i l .  

Because of sins11 yielcis, a s  much as 5% of the  t o t a l  25" C. e-dract  may 
The composition of the $0" C. o i l  .iras corrected f o r  an  

3 t e r  tiiis correct ion tke 350' C .  o i l  contained q p r o x k k l y  19% 

The paraf f in-c i l  adchct f r a c t i o n  had an average of 2.6 t o  3.4 rings pzr  molecule, 
the paraf f in-o i l  nor.-adduct had 2.8 t o  5.1 r i n g s  per  molecule, and -&e aromatic oil 
e lu ted  i.;ith isooctenes hac! an average of 3.0 to 4.0 r i n g s  per  molecule. 
f r a c t i o n  represented 955 .of t i e  arornatic o i l . )  
e luted)  had an average of 22 carbon a t o m  per  molecde and a determined molecular 
veight  of 305. Ilass spec t ra  of this f r a c t i o n  showed t h a t  every hoolologous s e r i e s  

(The l a t t e r  
The a r o m t i c - o i l  f r a c t i o n  ( isooctene 

.T, ).;s pzcsent i n  percentages ranging from 10 t o  19%. 

The molecular weights o f -  the o i l  f r a c t i o n  before f rac t iona t ion  ranged from 
343 t o  375 2nd Sho-iTed no cor re la t ion  t o  temperature o f  extrazt.ion. 
elezent.al corposi t ion of the o i l  f r a c t i o n s  shoxed very l i t t l e  v z r i a t i o n  and averaged 
GO.% carbon, l2.0$ hydrogen, 0.55: o.xygen, 0.2% nitrogen, and O.& sulfur. 

L3cewise, the 

r\, 

Const i tut ion of Resins. Signnlficailt d i f ferences in the elemental  c o q o s i t i o n  
of Ene r e s i n  Tractions were Zound ( f ig .  7 ) .  
f.;r cor.t,ents of the r e s i n  f r a c t i o n s  &crease a i t h  increase in t a p e r a b e  of extrac- 
tion. 
reache6 a rnaxirrum a t  330" C., and decreased very  rapidly a t  350" C. 
r+.d dcgradr,tion or" owgenated struct.iires occurred betzieen 390" and 350" C., prob- 
ably res;llting i n  the  fornat ion of 3 and CC2. Yydrogen-to-carbo= r a t i o s  graactually 
decreased over the t e x p r a t u r e  range ind icn t lng  the presence o f  an 
goziatsd n a t e r i a l ,  x!ule s u l f u r  contents tended t o  decrs-ase only at the  higher temper- 
atur-s . 
ture w e r  t h e  texyr2t.a-e range. 
s t r u c t u r s s  present  i n  resins are reac?ily made s o h b l e  and are e s s i l y  degraded fur- 
%!-is- t o  C92, CO, and perhaps -&?.ter. ( 2 )  Kitrogen s t r u c t u r e s  present  i n  r e s i n s  a r e  
d i f f icv . l t  t o  gake soluble and are  qui te  s t a b l e  t o  f u r t h e r  degradation. LFrom bond 
energies it appeas t h a t  kerogen contains more C=W s t r u c t u r e s ,  which have higher - 

bonding erergies ,  tna? C-I1 s t ruc tures .  ( 3 )  Loss of hydrogen from t h e  resins  at 
a l l  t e q e r a t u r e s  ind ica ted  tha t  e a s i l y  dehydrogenated s t r u c t u r e s  such as p&ly 
unssturated cycl ic  s t ruc tures ,  isoprenoid, s t e r o i d ,  o r  simikr s t F j c t u r e s  are 
present in kerogen. 
of sons unstable s u l f u r  collrpmnds. 

I n  general, oxygen, hj-clzcgen, and sul- 

The o-xyges content of -2% r e s i n s  decreased a t  t n q e r a t u r e s  f r o m  2.5O t o  200" C., 
This showed t h a t  

dehydro- 

Zr contras,t, nitrogen-to-carbon ratios i x r e a s e d  vrith increase  i? t e q e r a -  
These r e s u l t s  sL?ggested the follor.ring: (1) Oxygen 

(4) bxs o f  sulfur a t  300" and 350" C. ind ica ted  the presence 

The nolecu$r m i g h t s  of the resiii f r a c t i o n s  ranged from 570 t o  650 and &a 
not appe2.r t o  be r e l a t e d  to "he teinperat'ure of extraction. 

The r e s b  f r a c t i o n  obtained from the  350". C. e x t r a c t  m s  su3jected '  t o  oxidat ion 
by ai aqueous s o l u t i c n  of a lka l ine  potassium p e r z a g a n a t e  and approximately 755 of 
tkne r e s i n  vas  unoxidized. 
ShoTied t h a t  71% of the o i l  r m a i n e d  unoxiddized, also, comparable ratios .of Q ~ C L  t o  
carbon ';:ere consuned i n  both t e s t s .  
o f  s t ruc tures ,  -&Ach are r e s i s t a t  t o  oxidation, axe present  ?in t h e  r e s i m  as are 
present  i r  the o i l s .  Tne r e s i n  contained 3.0% nitrogen, however, tMs did not  
a l t e r  the oxidat ion a p r e c i a b l y  f r c n  t h a t  of the o i l  i h i c h  contained only 0.4% 
nit.rogen. 

Camparable t e s t s  on the o i l  f r a c t i o n  from tNs e x t r a c t  

T b i s  shoi'rs t h a t  approeimately the  sane anount 

This sugeested the presence of cyc l ic  ni t rogen s t r u c t u r e s  which miy be stab?.... to Zci:r.O~ o-xidation. . .  
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The 3.50" c. r e s i n  f r a c t i o n  ?.as su5jected t o  reduction ';y hydriodic acid; 
a p r r o x i n a t e b  385 of the r e s i n  i7as redwed t3 o i l ,  2; t o  Xia;c, 2nd &$ r e r d n s d  
mchmlged. This indkated t n a t  a 9 r o x i n ; t e l y  of tbx? r e s i n  had s t r x t u r e s  
similar to t h a t  gresent i o  t h e  oil a x i  mx fractions.  

Ix-yared spec t r a  of -b&.e r e s i n  f r ac t ions  i ~ d i c a t e d  the presence of  hpI.roirj.1 
and car'wr?yl =~oups m d  t h a t  t he  anomt  o f  hjdroxyl po:ips tezdod to i?crC_asz xith 
increase  in tem.prat;rre of ex t rac t ian .  
o r  more metb5-lene groups appeared to be Tie&< vMch s:".u.i-ed the presezcs of o n i j  
small mrsmts of la rge  s i d e  chains.  
groups, appeared to be p re sen t  in  the extracts prepared a t  higher tmyera tu res .  

Bssic .nitrogen determinations on the  resi.. f r ac t ions  s h o x d  tinat th? ra t io  

The band i r1d ica t l3~  t n s  presecce 05 f m r  

C a r b o x r l  p o z p s ,  i n  addi t ion  t o  ?jdroqyl 

of bas ic  x i t rogen  t o  t o t a l  rxitrogen range6 frm. 0.u f o r  the  25' C. rssL?,?z t o  
0.3b f o r  the 350" C. r e s ins .  
tended 'ca increase  wi th  increase  i n  tenperature of extractior,  Arid rey-esentsd ??on 
56 t o  &sf of the t o t a l  nitrogen. 

Thus, the  neu t r a l  nztrogen ?resent  i n  the resin2 

Ccns t i tu t ion  of Pentme-insoluble ?:aterial. 
i ?so lubh  f r ac t ions  ( f ig .  3) shwred trends s%.xil=s to tiioss o f  t i e  r e s i n  fr-actiom. 
In gmera l ,  o -msn,  hydrogen, and sillfur contwits decreased -zit25 increase  i n  
t e q e r a t i u e  of ext-action, ni-i le nitrogen conten ts  L ~ c r e a s e d  Tlt5 te-rature of 
e-xtraction. 
f o r  the  pentane- i~solu3le  ma te r i a l  a s  mere Fade f o r  thr- rnsi? f r ac t ions  i.? the ??e- 
ceding sec t ion .  There vas, hor.rever, one diffwence i n  t k z t  t he  l o s s  o f  o q z e n  
from tihe pe3tan.e-insoluble n a t e r i a l  occurred 'zetzeen 200" t o  350" C. coiqared t3 
300" t a  350" c. for  t he  r e s i n  f r a c t i o n .  
oG3ena';ed. s t ruc tu res  present  i n  t h e  txo  ,naterials.  .Ilso, L5e pentme-L.solu3ls 
material produced a t  d g h e r  t e q e r a t u r e s  mpeared t o  costaTb l e s s  hydrogen and 
more n i t rogen  than  the  res ins .  The nolecular 'xeights of Che penLdce-3solu51e 
naterial  ranged from 1210 t o  1320 and sho:tied no re la t ior i sh ip  +a tec?eratu--e o f  
extractim . 

The c o z p s i t i c n  of  tke ? e r t a e -  

The sane general  conclusions concerning he tero  s t l u c t u x a  ca?? be  raie 

This suggested d i f fe recces  ii t k e  type of 

Oxidation of the 350" C. pentane-iiisoluble mater ie l  in a mimer s i iS l a r  to 
t h a t  used f o r  r e s ins  s'coxed th2t 25$ of *As f r a c t i c n  mas r e s i s t a n t  t o  ox i ta t ion  
compared t o  70 t o  90% f o r  r e s ins ,  o i l s , ' a n d  waxes and only 55 f c r  kercgen. T?Ls 
showed t h a t  t h e  pentme-imoluble  f r zz t ion  contaized less s t r u c t w e s  -:~%ch :;ere 
r e s i s t a n t  t o  o-xidation than the oil, 17ax, o r  resin f r a c t i o x .  of the 
pentzne-insoluble naterial was oxidized to non-volatile non-oxalic % i d  covxred  
t o  1% f o r  kerogen, f o r  resii is ,  17% f o r  o i l ,  md. 0% f c r  ?faxes. TPAs suggested 
the  presencs of benzenoid ac ids  that nay  have been &rived f ron  'benzenoic! stxxc- 
tiures p resen t  i n  &!e pentane--hsoluXe na te r i a l .  Tbse s t m c t u r e s  probably ;:ere 
not i n  the kerogen as such but -gem formed during *.e them-a1 so lu t ion  by &hydro- 
genation of p a r t l y  unsaturated cyc l ic  s t ruc tu res  present  in kerogen. 

the pentane-insoluble material. Approximately 25$ of the ma te r i a l  ms r e d x e d  t o  
oil, wax, and resins and 75% remlained unchanged. 
pentane-ksoluble ma te r i a l  contained approximately 255 s t ruc tu res  s h i l a r  t o  o i l s ,  
mxes, and resins. 

Infr2red spec t ra  of t h e  pentane-insoluble Q a c t i o n  ind ica ted  the presence of 

Laout 

A comparable reduction t e s t  t o  t h a t  used f o r t h e  r e s i n  f r a c t i o n  ims inade on 

These da'ta shcxed that the  

hy&oxyl, carboxyl, and aromatic groups. 
c y c l i c  bu t  nay contain considerable chain branching and subs t i t u t ion  at  the higher 
tenperatures of ex t rac t ion .  

the  r a t i o  of bas ic  n i t rogen  t o  total n i t rogen  ranged from 0.29 t o  0.34 and aas n o t  
r e l a t e d  t o  the  temperature of ex t rac t ion .  

The s t r u c t u r e  appeared t o  be predoni7antly 

Basic ni t rogen  de tern ina t ions  on-the pm-tane-insoluble f r ac t ions  shomd that 

Therefore, the  amount of neu t r a l  nitrogen 
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rmged  froin Sh t o  72s of t!!e t o t a l  n i t rogen  and was s l i g h t l y  h igher  than t h a t  
present  in the  resir. f r ac t ions .  

SE,EARY iSI.TD cohJcLusIo~~?s 
Based upon the  neight-percent of t o t a l  e-xtract obtained a t  constant p e r i o b  

of a t r a c t i o n  tine, the  anount of -;ia and pentane-insoluble ma te r i a l  increased with 
increase  i n  temperature of ex t rac t ion ,  t h e  percentage of r e s i q s  decreased vttth k- 
crease i n  tenperaimre, a d  the ? e x e n t a g s  of o i l  r e m i c e d  ne2r ly  the saw. 

. ccns t in t  teinperatxTe of ex t rac t ion  (350" C:), the  percentage of pentans-insoluble 
.' n a t e r i a l  decreased wi th  b c r e a s e  in time of extractionz,.q.d the  aercentage of o i l ,  

V ~ B ,  and r e s ins  increased wi th  increase  i n  the per iod  o f  ex t rac t ion .  

A t  

Tie e l ezen ta l  composition; of' the o i l  u l d  wax produced over the temperature 
r?.n,ce remaifled nea-1;; the  same. 
pentar?e-insoli.ole f r ac t ions  depended upon tenpera tc re  of extraction; halve-rer, no 
co r re l a t ion  was es tab l i shed  Setii-een the  composition of e x t r a c t s  and t h e  increased 
ra te  of cocversicn t.o degradation prodncts obtainec! a t  about 275" C. Oqrgen con- 
ten t  o f  the  r e s i n  m d  pmtane-i?soluble f r zc t ions  decreased r r i th  increase  i n  
te.?peratu-e of ext-actlcn and ind ica t ed  t h a t  o m e n  s t ruc tu res  present  i n  kerogen 
r r e  readily degrz.eed. i!itrogen content of the  r e s i n  2nd pentane-insoluble f rac-  
t i o m  imreasec! a i t h  inc reas s  Fn temperature of ex t r ac t ion  and ind ica t ed  t h a t  
n i t rogen  st .ructures present  i n  kerogen a r e  qu i t e  s t a b l e  and are not r e a d i l y  made 
scluble.  

;3y cont ras t ,  t h e  composition o f  the  r e s i n  and 

. 

Although d i f fe rences  were found in. the conposit ion o f  'the ex t r ac t  f rac-  
s, &the merage nolecular  m i g h t s  ai' the  o i l ,  nax, resjx, and pmtane-insoluble 
t i ons  ciid not change a p r e c i a . b l y  wi th  increase  i n  tempert?ture o f  ex t rac t ion .  

A t  350.' C. kerogen was degraded t o  approximately 10 t o  15% straight-chain 
~ z r z f f i ? ~  conta in i rg  25 t o  30 carbon a t o m ,  20 to. 25% naphthenic and 10 t o  ls$ 
nromatic stx-ctvzes having an average of 3 t o .  5 rings p e r  molecule, and bs t o  60% 
heteroc:rclic mi t e r i a l .  These mter ia ls  are probably representa t ive  of s t ruc tu res  
preser-t i n  t he  o r i g i n a l  kerogen and scggest that kerogen is  p-edoninactly a 
heterocyclic m t e r i a l  connected t o  o r  assclciat.ed v i t h  smaller amounts of hydro- 
cerbo:? i x t e r i a l  cons is t ing  of straight-chain,  cyc l ic  paraf f in ,  and aro;n;ltic 
groups. 

AC!O!GXLE,BXEV? 

The aEthors ii",sh t o  express t h e i r  apprec ia t ion  t o  C. L. Cook, D. G. Earnshaw, 
czoilald f o r  m s s ,  i r f r w e d ,  and u l t r a v i o l e t  spec t ra  analyses; t o  E. N. . A. 30'05 f o r  x-ray d i f f r a c t i o n  analyses;  and t o  J. 9. h n m ,  Jr. and . 

T. J .  Laman f o r  o ther  sna lyses  presented i n  t h i s  repor t .  
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